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Abstract

This paper reports a study dhe effecs of particle sizedistribution (tuned by nixing
differentsizedpowder$ ondensityof a densely packed powd@owder bed densitand sintered
densiy in binder jetting additivenanufacturingAn analyticalmodel was usetirst to study the
mixture packing density. Analytical results shoed that multimodal (bimodal or trimodal)
mixturescould achieve &igherpackingdensitythantheir component powdeendthereexisted
an optim& mixing fraction to achieveahe maximum mixture packing densityBoth a lower
component particle size ratfbine to coarseand a larger component packing density rétree to
coarse)ed to a largemaximummixture packing densityA threshold existdfor the component
packing densityatio, belowwhich themixing method wasot effective for density improvement.
Its relationship to the component particle size ratio was calculated and plotted. In addition, the
dependence of theptimal mixing fractionand maximum mixture packing dension the

component particle size ratend component packing density ratias calculated and plotted
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Some of the experimental data used in this pajeeealso used in a conference paper that was published in the
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These plots can be used as theoretical tools to select parameters foixitige method
Experimental resultsof tap desity were consistent withthe abovementioned analytical
predictions Also, experimental measuremergsowedthat powders witlmultimodalparticle size

distributions achievedhighertap density, powder bed density, and sinteleusityin most cases

1 Introduction

Additive manufacturing (AM), also known as 3D printing, can be describedescess of
joining materials with a primary objective of making objects from 3D model data using a layer
by-layer principle[1,2]. Binder jetting isone ofthe mostadvantageoutechnologieso produce
largecomplexshapedartsdue to its capability gbrocessingzarious materialg3i 5], no need for
explicit support structurfs], andhigh scalability{7,8]. Since the firspaperon binder jettind9],

a number of studies haween reported oprocessingof differentmaterials such as cerami&
and metald4], and fabrication ofdifferent productssuch asload-bearingparts[10i 13] and

biomedicalparts[14i 16].

The particle size distributiorof feedstock powdeaffects the powder packing densitydthe
sintered densityl7]. Particle size distribution can be tunkg mixing differentsizedpowders.
For example, Sun et al. studidte effects ofparticle size distributioron the bulk density of
sintered samplefl8]. Glassceramic powders withwo size rangeg45i1 0 0 & @i 25 nn)
were mixed in fraction®f 90:10, 80:20, 70:30, and 60;4f&spectively The mixture with the
fraction of 60:40achieved the highest sintered density of 1.60 &/@ai et al. also investigated
the effect ofparticle size distributiofil9]. A bimodalmixturefrom powders withparticlesizesof
30 and 5 pnmanda mixing ratio of 73:27achievedanimprovedtapdensity (by 83%) and sintered

density (by~8%) compared witithe componenpowders However, no esearch has been daoe



investigate the theoretically achievable packing densitynbyng differentsized powdersand

compare it withexperimentally obtained results. This work aims to fill this knowledge gap.

Particle packing is of interest in many fields, suclieas engineering20]. For amixture of
differentsizedcomponenpowders analyticalmodels have been developed to prettiemixture
packing density sing the sizeyolumefraction, and packing density of eacbmponenpowder.
Compared with numerical methods such as the discrete element naethaod|ytical method has
its own advantages such as low computational cost and explicit solf&ign¥he linear packing

model, proposed by Stovall et [#2], is one of the most popular anayal modelq23,24].

The dojective of this research is to examine éfiects of particle sizedistributionon density
of a densely packed powdgrowder bed densityand sintered densityith both analytical and
experimental methodg-irstly, the analyticallinear packingmodel wa employed tcstudy the
effecs of various parameters (mixing fractioocpmponentparticle size ratio, and component
packing densityatio) on themixture packing density. Afterward, the analytical model was used
to predict the mixture packingdensiy from selected component powders (70, 10, and 2 um
powders)underthe ideal conditions (i.ethe state of dense packind\fterward, experimental
studies were conducted to evaluate the actual condifi@psdensity powder bed densifyand
sintered densitpf eachcomponenandmixtureweremeasurednd compared with the analytical
results Although ceramic is selected as the model material and binder jetting is selected as the
model AM technology, this mixing method maintains its potentiality for other radgguch as

metals and composites) and other AM technologies (such as powder bed fusion).



2 Analytical Method

The analyticallinear packing modebssumes thatlacomponentpowdes and mixtures are
composed of nodeformable particlesinder the state adense packing22]. In the case of a
mixturewith n componenpowdes (the componergowdes are ranked such thétOdi+1, whee

d is the diameter aheith component the mixture packing densitys given by [16]
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where is a specifiomixture packing density whenthiéhc o mponent i[2]afidd o mi nan
given by
I
[ — 0 T C
pPB pT @il p&~ @ B p wp—w

wherg andw arethe packing density and volume fraction of tite componentrespectively
and®p andoy, are interaction functions which are called loosening and wall effect parameters,
respectively. In the linear packing mod#leloosening effect is referred &saphenomenon that

fine particles loosen the packing of coarse particles when squeezing ltreenist® the spadbat

is near the contagiointbetweertwo coarse particles and making coarse particles more dispersed.
The wall effect describes how coarse particles disrupt the packing of fine particles -tikevall
boundaries of coarse particlgs3]. Both these effects decrease the packing derisiigraction

functions derived from a curve fitting of experimental resultddlyarrard[24] are
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2.1 Parametric study on binary mixing

2.1.1 Effect of mixing fraction on mixture packing density

Mixing fraction is an important parameter that affects the mixture packing density. In a binary
mixing, the mixing fraction can baescribed with thgolumefraction of eitheithe coarseor fine
powder w or w in Equation (2) In the mrametric study on binary mixinghe coarse powder
fraction was used, whiclvasvaried from Ovol.% to 100vol.% (corresponding to 10@0l.% to O
vol.% for the fine powder fractionyith an increment of 0.0¢0l.%. The componenparticle size
ratio,'Qj ‘Q in Equations (3) and (4yvas set as 0.IThe packing densijtof boththe coarseand
fine raw powders] andf in Equation (2)wassetto 63.7% This packing density values i

commonfor adensely packed powd§g?5,26].

2.1.2 Effect ofcomponenparticle size ratio on mixture packing density

The effect of component particle size rafime to coarse)Qj Q in Equations (3) and (4),
was studied byarying it from1/2, 1/4, 1/8, 1/16, to 1/32. This parametric study was performed
over the full range of theoarse powdeifraction, i.e., Ovol.% to 100vol.% with an increment of
0.01vol.%. The packing density of both coarse and finepawders] andf in Equation (2),

was set to 63.7%.

2.1.3 Effect ofcomponenpacking density ratio on mixture packing density

Component packing dengitof coarse and fine raw powders, and! in Equation (2),

respectivelyjs another importamarametethat affecs the mixture packing density.o simplify



the analysis, a component packing density rdiine to coarseyvas defined, jf . The coarse
powder packing density () was seto 63.7% The component packing density ratio was varied
from 0.5 b 1.0 by changing the fineowder packing density () accordingly.This parametric
study was performed over the full range of tearse powdeiraction, i.e., Ovol.% to 100vol.%

with an increment of 0.0¢0l.%. The component particle size rati® ('Q) was set td./3.

2.1.4 Relationship between critical compongicking densityatio and componenarticle

sizeratio

Component particle size ratio could have dotdalged effects on the mixture packing density.
A smallercomponenpatrticle size ratio couldtirengthen the filling effeadf the fine powdeand
thus lead to a higher mixture packing density. Howevemallercomponenpatrticle size ratio is
usually associated with a lower packing density of the fine powder given the same coarse powder,
which cauld lead to a lower mixture packing density. Therefore, the effectiveness of the mixing
method, i.e., whether it improves the packing density, depends on the conypexient) density
ratio given a component particle siz&ivena componentparticle sizeratio, if the component
packing densityratio is belowa certain threshold, defined as the critical compompaicking
densityratio, the mixing method does not improve the packing density, regardless of the mixing
fraction. The objective of this parametsitidy is to determine the relationship between the critical
componenpacking densityatio and the componeparticle sizeratio. In this studythe packing

density of the coarse powdgr ) was seto 63.7%.

2.1.5 Optimal mixing fractionandmaximummixture packing density

Lastly, the model was used to predioe optimal mixing fraction anthe maximummixture

packing densityln this studythecomponent particle size ratwasvaried from0.001to 0.5with



an increment 00.0006. The componeat packing desity ratiowasvaried from 0.5 to 1.@ith an

increment of 0.1

2.2 Case studgpnternary mixing

Due to the large number of parameters involved in ternary mixing than in binary mixing,
ternary mixing was analytically investigated as a case study for the mwded in the
experiments. Tadensiy of the selected component powders were meagdesdribed in Section
3.3) and used as the inputs of the analytical model. A ternary plot was used to illinstpateking

density valuest all compositions

3 ExperimentaMethods

3.1 Powder preparation

Three pherical alumina powdersnframat, CT, USA of differentparticle sizes (2, 10, and
70 um, respectivelywere selecteds component powder§o prepare multimodahixtures the
componenpowdersvere weightedisinga balance with an accuracy of 0.1 (Ag5CN200, Torbal,
USA) andmixedusingball milling (Jar Rolling Mills Paul O. Abbe, USAyith parametersisted
in Table 1.Alumina balls, same as the powder material, veanployedto avoid contamination.

Small balls and low milling speed were used to avoid breaking the particles.

Table 1.Parameters used in ball milling

Par amet er Val ue
Bat{powder weighl:10
Bal | di ameter ( 2
Normalized mill 30
Milling time (h1




3.2 Characterization of powdenorphology

The morphology o&ll componenpowdes and mixtureswas characterized usingcanning

electronmicroscopy(SEM, TESCAN VEGA Il LSU, BrneKohoutovice, Czech).

3.3 Measurement dhp density

Tap densityis considered as a good estimation tfoe densityof a densely packed powder
[27,28] Tap densiyy was measured by followingn ASTM standard29]. A tap density meter
(DY-100A, Hongtuo, China) was usdd.eachmeasurement, 100af powderwas tappeadvith a
3-mm strokefor 3000 cyclesAfter tapping, the powder mass was divided by the powder volume
to obtain the absolute tap density, which was then divided by the theoretical density of alumina

(3.97 g/cmi [30]) to obtain theelativetap density.

3.4 Measurement of powdéeddensiy

Powder bed densitywas determinedybspreadingenlayers of powder using a latesigned
setup &s shown ifrigurel) and measuring th@assand volume of the spread layers. This method
has been widely used in other studjg$,32] The layer thickness was 130 pihhe forward
rotatingroller hada diameter 06 cm and amoothglass surfacerhe process started with powder
spreading wittthe roller. After one powder layer wapreadthe lead screw was rotated to lower
the build platform for another powder laydlo binder was applieth this measurement avoid
its interferenceavith the measurement of powder bed denditye total height of the powder bed
wasmeasured by a calipéwith an accuracy of 10 um). Afterward, all powder insidedh@mber
of the setup was carefully collected, and tmassof the collectedpowder was measurday a
balancewith an accuracy of 0.1 mg\GCN200, Torbal, USA)The volumeof the powder layers

was calculatedbased on thanerdiameter of thehambeland the total height of the powdszd



The totalmass of the collected powdens divided by the total volume to obtain the powder bed

density. This process was repeated three times for each powder.
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Figure 1. Powderspreadingprocesswith a labdesigned setup

3.5 Printing and sinteing

Printing experimentsvere carried out usintpelab-designed setymsillustratedin Figure2.
The process started with powdgreadingusingthe forward rotatingroller with a diameter of 5
cmto form the first foundation layefhen the lead screw was rotatedower the build platform
Thelayer thicknessvas130 um Totally, two foundation layersvere spread without jetting any
binder. Afterward the first powdeilayer for printing wasspread andthenthe powder bed was
covered by a mask with an opening corresponding to the cross sedtiedesiredhape which
wasa circle with a diameter of 10 mnm this caseThe printing binder wasnaaqueussolution
containing3 wt.%polyvinyl alcohol(molecule weight of 31,000and 0.33j of binder was applied
for each powdelayer. Then the mask was removed and the platform was lowereddistance
equal to the layer thickness30 un). This process as repeated until an entulesk-shapedyreen

samplewas printedThe print was repeated three tinfeseach powder.
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Figure 2. Binder jetting additive manufacturing procegsh a labdesigned setup

After printing, the samples wereuredin a lowtemperature furnace (KSL100XS-UL-LD,
MTI CorporationUSA) at 200 °C for 2 h to evaporate the watehebinderand join the patrticles.
After cooling the greensampleswere carefully extracted from the powder bed plated ina
high-tempeature furnace KSL-1700X-A2-UL, MTI Corporation, USA) for debinding and
sintering.The furnace temperature was increased to 35i4Campup rate of 5 °C/min, followed
by debinding from 350 °C to 550 ‘@ a rampup rate of 1 °C/min. Then tteamples wee heated
up to 1600 °C at 5 °C/min arsihteredfor 2 h,followed by cooling to theoom temperature. All

these posprocessing procedurggere performedh air.

3.6 Measurement of sintered density

Densityof sintered samplemasmeasured witthe Ar ¢ h i mmeeithcel sAftera dry mass
(mdg) measurementeachsample was carefully lowered onto a pan suspended in a beaker of

deionized water to determine its wet mamg)( The mass measurements were done using a balance
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with an accuracy of 0.1 mM@GCN200, TorbalUSA). The dry and wet masses were then used to

calculate the densityf the samples using the following equation:

where” is thesintereddensityand” is thewaterdensity at the experimental temperatufa
sample has a high porosity, the water infiltrates the sample and thus the above method
overestimates the densifiherefore dl samples were coated with an extremely thin layer of wax

to preventthe waterfrom infiltrating the sample

3.7 Characterization afinteredmicrostructure

The microstructure of sintered sampleas characterized usin§EM (TESCAN VEGA I

LSU, BrnoKohoutovice, Czech).

4 Analytical Resultsand Discussion

4.1 Parametric studyn binarymixing

4.1.1 Effect of mixing fractionon mixture packing density

The modeling resultof the effect of mixing fractionare shown in Figure3. The mixture
packing density increases first and then decreaséise coarse powdefraction increasesA
maximum value of thenixturepacking densityi.e., maximum mixture packing densigjists for
a certaincoarse powdefraction (i.e, the optimal fractionof coarse powd¢r This trend can be
explained from the perspective of either the fine powder or theeqamwderOn one handhe
increase of the fine powder fraction (from right to left for ¥r@xisin Figure3) lets more fine
particles fill into the voidsamongthe coarse particles and consequently increases the packing

density, which is the soalled filling effect of the fine powdd@2,33] However,afterall voids
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arefilled, the introduction of more fine particles decreases the packing density due to the loosening
effect of the fine powdej22,33] On the other handhe increase afhe coarse powdeifraction

(from left to right for theX-axisin Figure3) allows a single coarse partiglereplace multiple fine
particles and completely fill the voids among thewnsequently increas) the packing density

which is the secalled occupying effeadf the coarse powdd22,33] However, aftelavailable

voids are occupied by coarse particli® packing density decreashie to the wall effeadf the
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Figure 3. Bimodal mixture packing density dependent ararse powder fraction wheine
component particlsize ratiois 0.1 andhe packing density of the fine and coarse powider

63.7%

4.1.2 Effect ofcomponenparticle size ratio on mixture packing density

The modeling results of the effect@dmponent particle size ratawe shown in Figurd. For
thesame coarse powdfactionin Figure4, asmallerparticle size ratideads toalarger mixture

packing density. Aghe particle size ratiodecreasegi.e., thefine particles become smaller
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considering the same coarse powdire fine partids have less geometric constrain and thus can

fill more spaceamongthe coarse particles (e.g., near the contact point between two coarse

particles).

Figure 4. Bimodal mixture packing densitgependent on component particle size rafi@nthe

packingdensity of the fine and coarse powslisr63.7%
4.1.3 Effect ofcomponenpacking densityatio on mixture packing density

Themodelingresults oftheeffect ofcomponenpacking density ratiareillustrated in Figure
5. Sincethefine powder packinglensity isvariedwhile the coarse powder packirig kept atthe
same, alturveshave different starting points but the same ending palhenthepacking density
ratio decreases, the mixture packing density decre@kesis becaustewerfine particles can be

inserted into the voidamong thecoarse particles.

Interestindy, when the packing density ratio is lowe(, 0.5), themixture packing density

increases monotonically #se coarsepowderfraction increasef.e., asthefine powderfraction

13



